Dear Editor,
Induced pluripotent stem (iPS) cells have recently been generated by directly introducing several transcription factors into differentiated human somatic cells, and these iPS cells show great similarities to embryo-derived ES cells [1] [2] [3] . Moreover, patient-specific iPS cells have recently been generated, and these studies provided hopes for patients with genetic and degenerative diseases [4, 5] . β-thalassemia is an inherited blood disorder that is characterized by reduced synthesis of hemoglobin subunit beta (hemoglobin β-chain). Individuals with thalassemia major (also called Cooley's anemia) have severe anemia and hepatosplenomegaly; without treatment, affected children have severe failure to thrive and a shortened life expectancy. Even with transfusion and chelation therapy treatments, the life span of patients with thalassemia major can only be extended for a limited time. More importantly, β-thalassemia patients are widely distributed throughout the southern part of China, and this genetically inherited disease has threatened millions of people's lives for decades with no effective treatment available. Here, we report that we have successfully generated β-thalassemia-specific iPS cells, which may pave the way to optimize life span-extending treatments for patients with β-thalassemia major.
We used a previously published protocol [6] to generate β-thalassemia patient-specific iPS cells. Retroviruses containing human OCT3/4, SOX2, KLF4, and c-MYC were introduced into fibroblast cells derived from a homozygous β-thalassemia individual. To monitor infection efficiency, a GFP-expressing plasmid pMXs-GFP was used as a control. The single-gene infection efficiency reached approximately 80%-90%, as determined by GFP expression. Six days after transduction, the cells were harvested by trypsinization and plated onto mitomycin C-treated MEF feeder cells at a density of 1×10 5 cells per 100-mm dish. Two days later, the medium was replaced with the one typically used for human ES (hES) cell culture that was supplemented with 10 ng/ml basic fibroblast growth factor. Approximately 2 weeks after the transduced cells were plated on the feeder cells, two kinds of colonies appeared. Some were granulated colonies that were not similar in morphology to hES cells, whereas the others closely resembled hES cell colonies. These colonies exhibited a flat and tightly packed morphology with sharp edges, and had a high nucleus/cytoplasm ratio and large nucleoli. From each plate, approximately 10 to 50 hESlike colonies were obtained, and these colonies were individually isolated and mechanically passaged around 25 days after infection. These cells were passaged every 3-5 days, and they displayed morphologies and growth rates that are similar to those of hES cells ( Figure 1A) . Herein, we refer to these cells as β-thalassemia iPS cells. Two patient-specific iPS cell lines were derived, and both showed a normal diploid karyotype (46, XY) ( Figure 1B ). Genomic sequencing results indicate that the β-thalassemia iPS cells contain two mutation sites at the Hbb gene, a pattern identical to the parental β-thalassemia fibroblast cells used for iPS induction ( Figure 1C ). Short tandem repeat experiments also confirmed that the patterns of the β-thalassemia iPS cells are completely identical to that of the parental fibroblasts (Supplementary information, Figure S1 ). Therefore, the β-thalassemia iPS cells are derivatives of the parental β41/42-17 fibroblasts and not from contamination with other cell types. Southern blot analysis with both an OCT3/4 cDNA probe and a SOX2 cDNA probe revealed that there are two retroviral integration sites of each in β-thalassemia iPS cells (Supplementary information, Figure S2 ).
To validate the characteristics of β-thalassemia iPS cells, the expression of undifferentiated ES cell marker genes was tested by RT-PCR (Supplementary information, Figure S3 ). The expression of OCT3/4, SOX2, NANOG, and hES cell-specific surface antigens, including TRA-1-60 and TRA-1-81, was detected by immunocytochemistry staining, whereas SSEA-1 was not detected in the β-thalassemia iPS cells ( Figure 1D) . Meanwhile, these two β-thalassemia iPS cell lines were positive for alkaline phosphatase (AP) staining (Supple- 40  40  40  40  80  80  80  120  120  120  160  160  160  200  200  200  240  240  240  280  277  277  320  316 316 Figure S4 ). Quantitative PCR results revealed that total and endogenous expression levels of OCT3/4 and SOX2 are comparable to that in ES cells, indicating retroviral silencing ( Figure 1E) .
To investigate the epigenetic status of the β-thalassemia iPS cells, bisulfite genomic sequencing was used to analyze the methylation status of cytosine guanine dinucleotides (CpG) in the promoter regions of pluripotent-associated genes, such as OCT3/4 and NANOG. The results revealed that they are highly unmethylated, similar to hES cells, whereas the same regions are highly methylated in β41/42-17 fibroblast cells ( Figure 1F) .
To determine the differentiation ability of β-thalassemia iPS cells in vitro and in vivo, both floating cultivation of embryoid bodies (EBs) and teratoma assays were performed. Eight days after the suspension culture was initiated, the iPS cells effectively formed ball-shaped structures, at which time the EBs were transferred onto gelatin-coated plates and culturing continued for another 8 days ( Figure 1G ). The attached cells showed various types of morphologies. Quantitative PCR showed that the expression levels of OCT3/4, SOX2, and NANOG were markedly decreased ( Figure 1H ). In contrast, expression of differentiation-related genes, including cytokeratin 8 and 18 (endoderm), forkhead box A2 (FOXA2, endoderm), microtubule-associated protein 2 (MAP2, ectoderm), Msh homeobox 1 (MSX1, mesoderm), paired box 6 (PAX6, ectoderm), and Brachyury (T, mesoderm), were all significantly upregulated in the differentiated iPS cells (Figure 1H ), which was further confirmed by RT-PCR (Supplementary information, Figure S5 ). In vivo differentiation showed that teratomas were formed 9 weeks after injection; histological examination showed that the tumors contained various tissues of all three germ layers ( Figure 1G) .
Previous studies have shown that histone deacetylase inhibitor could improve the efficiency of reprogramming mediated either by somatic cell nuclear transfer or by introduction of defined factors. We asked whether VPA treatment would also improve reprogramming efficiency in generation of β-thalassemia iPS cells. Using AP staining, we counted the numbers of AP-positive colonies in 100-mm dishes of transduced β-thalassemia fibroblast cells treated with or without VPA, and found that VPA treatment could improve reprogramming efficiency by three-to fourfold (Supplementary information, Figure S6 ).
Several recently published reports have demonstrated that autologous iPS cells can be generated from patients with degenerative diseases or genetically inherited diseases, such as amyotrophic lateral sclerosis, spinal muscular atrophy, and Parkinson's disease [4, 7, 8] . A more recent published study has demonstrated that Fanconi iPS cells could be generated from disease-corrected patient fibroblast cells and differentiated into hematopoietic progenitors [9] . A mouse model established by Jaenisch's lab clearly indicates that genetically corrected iPS cells, which were derived from a mouse with sickle cell anemia, could rescue the anemia phenotype after transplantation into the bone marrow [10] . Since the clinical application of iPS cells for transplantation therapy is in progress, more studies are necessary to optimize the generation, genetic modification and directed differentiation of iPS cells before the clinical application of iPS cells can be finally realized.
In conclusion, the results of this study clearly demonstrate that β-thalassemia patient-specific autologous npg iPS cells can be generated by transduction of four transcription factors into differentiated somatic cells. These cells have the potential to be used in future cell transplantation-based stem cell therapies for patients with β-thalassemia major, which may lead to the cure of the disease.
